We are investigating the feasibility of using the positive-strand RNA virus Sindbis virus and its defective interfering (DI) particles as vectors for introducing foreign genes into cells. In previous work we showed by deletion mapping of a cloned cDNA derived from one of the DI RNAs that only nucleotides at the 3' and 5' termini of the RNA are essential for the DI RNA to be amplified after it is transfected into cells in the presence of helper virus. As a first step in developing a vector we replaced 75% of the internal nucleotides of this DI cDNA with foreign sequences including the bacterial chloramphenicol acetyltransferase (CAT; EC 2.3.1.28) gene. DI RNAs transcribed from this cDNA were replicated and packaged by helper Sindbis virus and became a major viral RNA species in infected cells by the third passage after transfection. They were also translated to produce enzymatically active CAT. CAT activity was measured at passage 3 but could also be detected in transfected cells. DI RNAs containing the CAT gene were translated in vivo and in vitro to produce two polypeptides immunoprecipitable by anti-CAT antibodies. One polypeptide was identical in size to the authentic CAT polypeptide; the other was the size expected for a protein initiated at an upstream, viral-specific AUG in frame with the CAT AUG. These studies establish that DI genomes of Sindbis virus can tolerate the insertion and direct the expression of at least one foreign gene.
A role for viruses as vectors for introducing foreign genes into cells can be traced back to the use of bacteriophage as transducing agents. Not until the development of recombinant DNA technology, however, have viruses been used to introduce a wide variety of genes into bacterial, animal, and plant cells (1, 2) . The viruses now being used as vectors contain DNA genomes, or, as with retroviruses, contain an RNA genome that is replicated through a DNA intermediate. But it should also be possible for RNA viruses to act as expression vectors. The cDNAs of several different virion RNAs have been cloned so that the appropriate deletions and insertions can be made into these genomes. The modified cDNAs can then be transcribed into RNA using a bacteriophage or bacterial DNA-dependent RNA polymerase (3, 4) . The feasibility of using an RNA viral genome as a vector was demonstrated by French et al. (5) , who showed that the bacterial chloramphenicol acetyltransferase (CAT; EC 2.3.1.28) gene could be inserted into the genome of the plant RNA virus, brome mosaic virus, and that it was expressed when the appropriate RNA transcripts were inoculated into plant protoplasts.
We have been studying the RNA enveloped virus, Sindbis virus, as a potential vector for introducing genes as RNA into animal cells. This virus has a wide host range and therefore might be useful as a vector in many different cell types. Our first approach to developing this virus as a vector has been to insert genes into a defective interfering (DI) genome. DI genomes are deleted forms ofthe virion genome characterized by their ability to interfere specifically with the replication of homologous or closely related viruses (6) . DI genomes of Sindbis virus contain deletions as well as rearrangements and repeats of the original virus sequence (7) . The most prevalent, naturally occurring DI genomes of Sindbis virus range in size from 2 to 2.5 kilobases (kb), corresponding to about one-sixth to one-fifth the size ofthe virion genome. We demonstrated by deletion mapping of a cloned cDNA derived from one of the DI RNA genomes that only nucleotides at the 3' and 5' termini ofthe RNA are essential for the DI RNA to be amplified (4) . The deletion analysis was carried out by cloning a cDNA copy of a complete DI genome directly downstream from the promoter for the SP6 bacteriophage DNA-dependent RNA polymerase. This cDNA was transcribed into RNA, which was then transfected into chicken embryo fibroblasts in the presence ofhelper Sindbis virus. After one or two passages the DI RNA became the major viral RNA species in infected cells. Deletions extending over the entire DI genome were made and only those in the 19-nucleotide region at the 3' terminus and in the 162-nucleotide region at the 5' terminus destroyed the biological activity of the DI RNA transcript. These results suggested that it might be possible to substitute foreign sequences for the dispensible internal sequences. We have replaced 1689 internal nucleotides (75%) of the DI genome with foreign sequences, including the bacterial CAT gene. DI RNAs containing these foreign sequences not only were amplified but also expressed CAT. METHODS Plasmids, Transcription, and Transfection. The clone containing the DI cDNA (KDI-25) has been described (4). The pSV2cat plasmid (8) was a gift from John Majors (Washington University, St. Louis). The insertion sites are indicated in Fig. 1 . The procedures for transcription and transfection were identical to those published (4, 9, 10). Transcripts to be used for in vitro translation were capped by including 1 mM m7G(5')ppp(5')G in the transcription reaction (11); the ribonucleotide triphosphates were present at a concentration of 0.5 mM. After a 60-min incubation at 41°C, 30 .tg of DNase I per ml was added for 15 min at 37°C to degrade the DNA template. S1 Nuclease Digestion. RNA and DNA samples to be hybridized were coprecipitated in ethanol, resuspended in 12 ,ul of hybridization buffer (80% formamide/0.4 M NaCl/0.05 M Pipes, pH 6.8/1 mM EDTA), heated at 75°C for 10 min, and then allowed to reanneal at 54°C for at least 3 hr. After hybridization, 350 ,ul of S1 nuclease buffer (200 units of S1 nuclease per ml/0.3 M NaCl/0.03 M NaOAc, pH 4.6/2 mM ZnSO4/20 ,ug of DNA carrier per ml) was added and the samples were digested for 30 min at 20°C. Samples were then extracted with phenol and precipitated in ethanol (12) .
Abbreviations: CAT, chloramphenicol acetyltransferase; DI, defective interfering.
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Protected fragments were denatured and analyzed by agarose gel electrophoresis (13) .
CAT Assay. 2) buffer were incubated with the antiserum for 2 hr at room temperature and were then treated with protein A-Sepharose CL-4B (Sigma) as described (14) . Proteins were eluted from the resin in 1.5% NaDodSO4 and were analyzed by polyacrylamide gel electrophoresis (15) .
RESULTS
Replacement of Sindbis Sequences with Foreign Sequences. We, replaced 1689 nucleotides (nucleotides 242-1930) of the DI genome with 1492 nucleotides from pSV2cat. The coding region for the CAT gene consists of only 657 nucleotides, but to determine if foreign sequences could replace the majority of the viral sequences, we also included bacterial and simian virus 40 sequences from the pSV2cat plasmid. Two clones were made (Fig. 1) . In both clones the most 5' ATG is the AUG in the virion RNA that initiates translation of the nonstructural genes (17) . In the clone designated CT25, this ATG is followed by two adjacent stop codons and three in-frame ATGs upstream from the ATG initiating translation of the CAT gene (Fig. 2 ). In the second clone, referred to as CTS253, the HindIII site at nucleotide 162 of CT25 was filled in so that the two stop codons are out of frame with the most 5' initiating ATG. In addition, a polylinker was inserted at the Bal I site at base 241 to permit substitution of other sequences downstream from the 5' viral sequences. With the inclusion of this polylinker the most 5' ATG is in frame with the ATG of the CAT gene, whereas the three intervening ATGs are out of frame (Fig. 2) . Downstream from the termination codon of the CAT gene are 800 nucleotides from pSV2cat followed by 328 nucleotides of the 3' end of KDI-25 including a poly(A) tail.
RNA transcribed in vitro from either the CT25 or the CTS253 plasmid was transfected into cells in the presence of helper Sindbis virus. Passaging of the progeny virus led to the accumulation of DI RNAs identical in size to the input transcripts (Fig. 3) . We established that these RNAs retained the complete foreign insert by S1 nuclease analysis. The original transcripts and the RNAs labeled in vivo during the formation of passage 3 were hybridized to either CT25 or CTS253 plasmid DNA and then digested With S1 nuclease. RNAs ofthe correct size were protected from digestion when hybridization to the homologous DNA was carried out ( The construction of KDI-25 has been described (4). The KDI-25 restriction enzyme sites into which the fragment from pSV2cat was inserted are indicated. The derivation of CTS253 from CT25 required two modifications. The cohesive ends generated by digestion with HindIII were blunt-ended by treatment with DNA polymerase I large fragment, and a short polylinker was added downstream from the Bal I site at base 245. The polylinker has the following restriction enzyme sites: Kpn I, Cla I, HindIII, and Xba I. The modified regions in CTS253 were sequenced by the dideoxynucleotide chain-termination method to verify the changes made (16 
ruses (19) . We had shown that this region is not essential for amplification of KDI-25 RNA (4) but it does increase the efficiency of amplification (20) . When we inserted the CAT gene into a DI cDNA lacking the region from nucleotide 163 to 241, no DI RNAs were detected after transcription, transfection, and passaging (data not shown). This result supports the hypothesis that the 51-nucleotide region plays some role in DI RNA amplification.
CAT Activity in Cells Infected with CT25 or CTS253 DI Particles. Extracts prepared from cells that had been infected with passage 2 Sindbis virus and either CT25 or CTS253 DI particles were assayed for CAT activity (Fig. 4) . Both extracts converted chloramphenicol to the acetylated forms. infected with CT25 DI particles was less by a factor of 2-10 (see also the following section).
CAT Activity in Cells Transfected with CT25 or CTS253 RNA. After transfection two or three passages are required before the DI RNA is clearly detected in infected cells under our usual labeling conditions (4). The high sensitivity of the CAT assay made it feasible to test those cells transfected with DI RNAs directly for CAT activity. Activity, detected 12 hr after transfection with CTS253 and 15-18 hr after transfection with CT25, depended on the presence of helper virus and the CAT-containing DI RNA (Fig. 5) In five independent experiments CAT activity was at least 10-fold higher in cells transfected with CTS253 DI RNA than in cells transfected with CT25 DI RNA. The reason for this difference and for those seen at passage 3 is not clear. Our finding that the two DI RNAs amplify to essentially the same extent by passage 3 (Fig. 3A) suggested that CTS253 RNA might be translated more efficiently than CT25 RNA. Our in vitro translation data, however, did not show any significant difference in the translation efficiency of the two RNAs (see Fig. 6 ).
Translation of DI RNAs in Vivo and in Vitro. Cells infected with passage 3 virus populations containing either CT25 or CTS253 DI particles synthesized the viral proteins and two additional polypeptides (Fig. 6A) . The larger molecular weight polypeptide in each sample was the size predicted for a fusion polypeptide that was initiated at the AUG upstream from and in frame with the AUG of the CAT gene. (In CT25 there are three upstream, in-frame AUGs that could potentially be used to initiate translation.) The smaller polypeptide was the size of the authentic CAT protein (see Fig. 2 ). There are several ways to explain the presence oftwo polypeptides: (i) the DI RNAs might have evolved to form two species, each of which was initiated at a different AUG; (it) the smaller molecular weight polypeptide arose by proteolytic processing of the larger; and (iii) the two polypeptides were translated from the same RNA but by initiation at different AUGs.
To distinguish among these possibilities, we carried out in vitro translation reactions with the RNA transcripts obtained from the CT25 and CTS253 plasmids and analyzed the products by polyacrylamide gel electrophoresis (Fig. 6A) . Both RNAs produced two polypeptides identical in size to the in vivo translated products. This result ruled out the possibility that the two polypeptides were translated from two DI RNAs that had evolved during passaging. It also suggests that the smaller protein was not a product of proteolytic degradation, although we cannot eliminate the presence of a protease or autoprotease-like activity in vivo and in the in vitro extracts.
We established that the polypeptides synthesized in vivo and in vitro contained CAT polypeptide sequences by immunoprecipitating the samples with monoclonal antibody directed against CAT protein. For CT25 and CTS253, two polypeptides from the in vivo and the in vitro translations were specifically immunoprecipitated by anti-CAT antibodies and were not precipitated by a nonspecific antiserum ( (Fig. 6C) . The polypeptides precipitated by this antiserum were the size expected for authentic nsP1 and for the fusion protein between nsP1 and CAT. The 10-12 amino acids that should be at the amino terminus of the larger molecular weight protein translated by CT25 RNA are not in the same reading frame as nsP1, and the CT25 fusion protein was not immunoprecipitated by this antiserum.
DISCUSSION
An important conclusion from the work presented here is that it is possible to replace at least 75% (1689 internal nucleotides) of a DI genome of Sindbis virus with foreign sequences and still obtain RNA that can be replicated and encapsidated by Sindbis-specific proteins. In many respects this result is not surprising. The internal viral sequences in this DI RNA are rearrangements of viral sequences and therefore are distinct from those present in the parental viral genome. Furthermore, deletions in this region do not destroy the biological activity of the DI RNA. We did find, however, that those DI RNAs in which 900 or more internal nucleotides are deleted are unstable and rapidly evolve to a size more typical of endogenously generated DI RNAs (4). In contrast, DI RNAs of the correct size range, but containing foreign sequences, showed the same size stability as the RNAs containing only viral sequences. Thus, although internal sequences are not specifically required for replication and packaging, they appear to play a role in DI RNA selection and evolution by maintaining a critical size for the DI genome.
A second conclusion from this study is that DI RNAs can direct the expression of at least one foreign gene. This result supports the concept that Sindbis DI RNAs may be developed as vectors for introducing RNAs into cells. For a DI RNA to be an efficient and useful vector it should be replicated and translated efficiently. The CAT-containing DI RNAs described here are replicated and packaged well; the concentrations of the DI RNA and Sindbis 26S mRNA in infected cells by passage 3 were similar (Fig. 3A) . The amount of CAT protein translated from the DI RNA, however, was significantly less than the amount of capsid and envelope proteins produced by the 26S mRNA (Fig. 6A) . It is possible that the CAT polypeptides are translated to high levels but are unstable in these infected cells. A more likely explanation is that these DI RNAs are translated inefficiently. DI RNAs are selected for their ability to compete with the parental genome in replication and packaging and if these DI RNAs are sequestered in replication complexes they would not be available for translation. Furthermore, the 5' termini of CT25 RNA and CTS253 RNA consist of nucleotides 10-75 of a rat tRNAAsP a sequence not normally found at the 5' termini of mRNAs (21) . This sequence might form a structure that interferes with the ability of ribosomes to bind to or traverse the mRNA. Since other viral sequences can also serve as the 5' terminus of Sindbis DI RNAs (22) , it may be possible to modify the 5' terminal sequences to enhance translation without compromising replication.
Translation of the DI RNAs in vitro and in vivo produced two polypeptides containing CAT sequences. The M, 24 ,000 polypeptide translated from both RNAs was identical in size to authentic CAT protein and the larger polypeptides were the sizes predicted if they were initiated at the upstream in-frame AUGs indicated in Fig. 2 . A number of viral mRNAs initiate translation at more than one AUG (23) . In these cases the most 5' terminal AUG is not in an optimal "context" with a purine in position -3 and a guanine residue in position +4 (24) . When the first AUG is in a suboptimal context, initiation can also occur at another, downstream AUG. In CT25 and CTS253 DI RNAs, the AUG upstream of and in frame with the CAT AUG and the actual CAT AUG are both in an optimal context for initiation. Although the most likely explanation for the presence of the two CAT-specific polypeptides seems to be that they are initiated separately, our data can also be explained by some type of proteolytic processing. Finally, we showed that cells transfected with CATcontaining DI RNA produce enough CAT protein to detect enzymatic activity. In our previous assay two or three passages were necessary before the DI RNA was easily identified. This required not only that the RNAs be replicated but also that they be packaged. Our ability to measure CAT activity after transfection will permit us to distinguish sequences in the DI RNA that are required for replication from those that may be essential only for encapsidation.
